Angiotensin II (Ang II) is essential for endothelial progenitor cells (EPCs) function as Ang-II-induced oxidative stress causes senescence of EPCs and endothelial dysfunction and Ang II type 1 receptor blockers increase EPCs. Moreover, EPCs activity is dependent on nitric oxide (NO) and heme oxygenase (HO)-1 as these correlate with EPCs senescence and are reduced in hypertensives. Bartter's/Gitelman's syndrome patients (BS/GS), have increased Ang II yet normo/hypotension along with blunted Ang II signaling, reduced oxidative stress, increased NO and HO-1, thus presenting a unique system to explore EPC biology and its relationship with vascular clinical and biochemical correlates. Circulating EPCs, NO-dependent vasodilation (flow-mediated dilation (FMD)) and HO-1 gene expression were characterized in 10 BS/GS patients and in 10 normotensive subjects. EPCs defined by cell surface antigens CD34+kinase-insert domain receptor (KDR+), CD133+KDR+ and CD133+CD34+KDR+ cells were quantitiated via direct three-color flow-cytometry analysis, HO-1 gene expression by reverse transcription-PCR and FMD by B-mode echo scan of the right brachial artery. Correlation analysis was carried out regarding FMD and EPCs, FMD and HO-1 and EPCs and HO-1. In BS/GS, CD34+KDR+ cell numbers did not differ from controls while CD133+KDR+ and CD133+CD34+ KDR+ cell numbers were higher. HO-1 gene expression, as well as FMD, was higher in BS/GS compared with controls. Both CD133+KDR+ and CD133+CD34+KDR+ strongly correlated with both FMD and HO-1. FMD and HO-1 were also strongly correlated. These results document in a human system that EPC numbers and specific populations are related to important clinical and biochemical factors involved in cardiovascular (CV) status and reaffirm the utility of BS/GS patients as a useful system to investigate EPC's role(s) in the pathophysiology of cardiovascular remodeling in humans.
INTRODUCTION
Alteration of the vascular endothelium, that is, injury is a primary event in vascular disease. Injury repair, that is, maintenance of normal vasculature, is in part mediated via re-endothelialization achieved by migration and proliferation of endothelial cells from the injury border zone or from adjacent branching blood vessels, as well as via bone marrow-derived endothelial progenitor cells (EPCs). 1, 2 In hypertension, circulating EPCs number is reduced, EPCs function is impaired 3 and this represents an additional risk factor for cardiovascular (CV) events. In fact, the level of EPCs has been reported to be predictive of CV events, 4 and the loss of EPCs to have a role in the development of CV disease. Imanishi et al. 5 have reported that Angiotensin II (Ang II) accelerates the onset of EPCs senescence through enhanced oxidative stress, which in turn leads to the impairment of proliferative activity in EPCs. In addition, the correction of EPCs dysfunction by treatment with Ang II type 1 receptor blockers further points to a role for Ang II and Ang II-mediated oxidative stress in EPC 6, 7 as well as endothelial dysfunction. These findings suggest that understanding the factors that determine both the number and functionality of EPCs may provide insight into and potential targets for therapies designed to promote normal vascular function via stimulation of EPCs. 8 Heme oxygenase (HO-1) is a potent antioxidant protein 9 that acts on heme, producing CO and biliverdin, which is further metabolized to bilirubin, a potent antioxidant itself. 10 HO-1 has been shown to be induced by Ang II 11 and HO-1 has been reported to reduce Ang IIinduced oxidative stress. 12 Upregulation of HO-1 protects against vascular diseases, including atherosclerosis via promoting re-endothelialization, inducing anti-inflammatory activities, inhibiting smooth-muscle-cell proliferation, regulating vascular tone and by increasing cellular antioxidant activities. 13 Recently, Wu et al. 14 have linked the HO-1 induction effect on re-endothelialization to HO-1's ability to increase the numbers of circulating EPCs and bone marrow early and late outgrowth progenitor cells, and to enhance the maturation of bone marrow-derived progenitor cells.
Bartter's and Gitelman's syndromes (BS/GS), caused by gene defects in specific kidney transporters and ion channels, are rare human diseases with a prevalence of up to 1 in 40 000. These patients present a puzzling clinical picture characterized by hypokalemia, sodium depletion, activation of the renin-angiotensin-aldosterone system, with increased plasma levels of Ang II and aldosterone and yet normo/hypotension, reduced peripheral resistance and hyporesponsiveness to pressor agents. 15 The results of an extensive series of studies from our laboratory have provided mechanistic explanations for these patients' vascular hyporeactivity and absence of CV remodeling. [16] [17] [18] [19] [20] We have documented a blunted Ang II signaling and related pathways [21] [22] [23] [24] [25] [26] [27] [28] in BS/GS patients. In addition, we have reported in BS/GS reduced oxidative stress alongside increased HO-1 gene expression, 29, 30 upregulation of nitric oxide (NO) system 31, 32 and increased NO-dependent vasodilation. 19 BS/GS likely represents a human model of endogenous Ang II type 1 receptor antagonism and produce a mirror image of the alterations found in hypertension. [16] [17] [18] [19] [20] Given these characteristics, the BS/GS model represents a useful system to further investigate the relationship of EPCs dysfunction with the pathogenesis of hypertensive CV end organ damage.
In this study, we have quantitated EPC populations by three-color flow-cytometry analysis of EPC cell surface antigens and used matched clinical data from our cohort of BS/GS patients, flow-mediated dilation (FMD) that evaluates endothelium-dependent response as by assessing dilation of the brachial artery to increased flow, along with peripheral blood mononuclear cell HO-1 gene expression, to assess in a human model the relationship of EPCs with CV pathophysiology.
METHODS Patients
We studied 10 patients from our cohort BS/GS patients (one BS and nine GS), six males and four females, age range 27-58 years, the same who had previously been assessed for FMD 19 and HO-1 gene expression. 30 All patients have a full biochemical characterization 19 (Table 1) , with nine GS having undergone full genetic analysis and one BS awaiting the results of the genetic screenings (Table 2) . A total of 10 normotensive healthy subjects (six males and four females, age 46.2±10.5 years), from the staff of the Department of Clinical and Experimental Medicine, University of Padova were used as control group for EPCs quantitation.
BS/GS patients were taking only potassium supplements, and all subjects were abstained from food, alcohol and caffeine-containing drinks for at least 12 h before the study.
Informed consent was obtained from all the study participants, and the study protocol was approved by our institutional authorities.
Methods
Quantification of peripheral blood endothelial progenitor cells. After overnight fast, patients' venous blood samples were obtained from a forearm vein and processed within 1-2 h. Peripheral blood progenitor cells were analyzed for the expression of cell surface antigens with direct three-color analysis using fluorescein isothiocyanate-conjugated, phycoerythrin (PE)-conjugated and allophycocyanin-conjugated monoclonal antibodies (mAbs) by flow-cytometry analysis (FACSCalibur; Becton Dickinson, Franklin Lakes, NJ, USA, http:// www.bd.com), as previously reported. 33, 34 Briefly, before staining with specific mAbs, cells were treated with fetal calf serum for 10 min, and then the samples were washed with buffer containing phosphate-buffered saline and 0.5% bovine albumin. Thereafter, 150 ml of peripheral blood was incubated with 10 ml of fluorescein isothiocyanate-conjugated anti-human CD34 mAb (Becton Dickinson), with 5 ml of allophycocyanin-conjugated anti-human CD133 mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) and 10 ml of PE-conjugated anti-human kinase-insert domain receptor (KDR) mAb (R&D Systems, Minneapolis, MN, USA), followed by incubation at 4 1C for 30 min. Unlabeled cells or anti-isotype antibody served as a control. The frequency of peripheral blood cells positive for the above reagents was determined by a two-dimensional sidescatter fluorescence dot-plot analysis of the samples, after appropriate gating. After morphological gating to exclude granulocyte and cell debris, we gated CD34+ peripheral blood cells and then examined the resulting population for dual and triple expression of KDR and CD133. Circulating progenitor cells were defined as CD34+ or CD133+ or CD34+CD133+ cells, whereas EPCs were defined as CD34+KDR+ or CD133+KDR+ and CD34+CD133+ KDR+ cells. For fluorescence-activated cell sorting analysis, 500 000 cells were acquired and scored using a FACSCalibur analyzer (Becton Dickinson). Data were processed using the Macintosh CELLQuest software program (Becton Dickinson). The instrument setup was optimized daily by analyzing the expression of peripheral blood lymphocytes labeled with anti-CD4 fluorescein isothiocyanate/CD8 PE/CD3 PECy5/CD45 allophycocyanin four-color combination. The same trained operator, who was blind to the identity of patients and controls, performed all the tests throughout the study.
Mononuclear cells HO-1 gene expression. HO-1 gene expression was performed using reverse-transcription PCR as previously reported. 30 Briefly, RNA extracted from peripheral blood mononuclear cells was reverse transcripted using Gene Amp RNA PCR Kit (Applied Biosystems, Foster City, CA, USA), PCR products separated, quantified using a PCR-based densitometric semi-quantitative analysis (NIH image software) and b-actin PCR products were used as a control gene. The ratio between HO-1 and b-actin PCR products (pixel density) was used as an index of HO-1 gene expression. 30 NO-dependent vasodilation. NO-dependent vasodilation was determined by a B-mode scan of the right brachial artery in longitudinal section above the elbow using a 7-10 MHz linear array transducer and a standard Aspen Advanced Ultrasound System (Acuson, Mountain View, CA, USA) as previously reported. 19 Briefly, measurements were obtained using an automatic system for computing the brachial artery diameter in real-time by analyzing Bmode ultrasound images. 19 Endothelium-dependent response was assessed as dilation of the brachial artery to increased flow (FMD). After 1 min of acquisition for measuring basal diameter, a cuff, placed around the forearm just below the elbow, was inflated for 5 min at 250 mm Hg and then deflated to induce reactive hyperemia. FMD was calculated as the maximal percent increase in the diameter of the brachial artery above baseline. 30 FMD measurements were performed by a single well-trained operator (physician) who was blind on the identity of the patients and controls.
Statistical analysis. Data expressed as mean ± s.d. were analyzed using the Statview II statistical package (BrainPower, Calabasas CA, USA) and evaluated using Student's 't' test for unpaired data and linear regression analysis. Values at a 5% level or less (Po0.05) were considered significant. Figure 1 shows that in BS/GS, two of the three different EPC populations as defined by cell surface antigens assessed were increased relative to their counterparts in controls. Although both CD133+KDR+ and CD34+CD133+KDR+ cells were higher in BS/GS compared with controls: 22.55 ± 11.46 cells/ 1Â10 6 vs. 12.00±9.54, P¼0.049 and 10.33±3.53 cells/1Â10 6 vs. 3.53 ± 3.00, P¼0.0003, respectively, CD34+KDR+ cells number was not significantly different statistically from controls: 55.00 ± 37.7 cells/ 1Â10 6 vs. 29.33±14.28, (P¼0.07).
RESULTS
As previously reported, 30 HO-1 gene expression was higher in BS/ GS compared with controls: 0.90±0.08 d.u. vs. 0.77±0.06, Po0.003 and FMD: 11.0 ± 2.6% vs. 8.1 ± 1.6%, P¼0.008 (ref. 19) (Figure 2 ). Figure 1 Endothelial progenitor cells (EPCs) number in Bartter's/Gitelman's patients (BS/GS) and healthy subjects (controls). *P¼0.049; **P¼0.0003. Figure 3 shows correlation analysis between FMD found for each BS/GS patient and the number of their CD133+ KDR+, CD34+CD133+ KDR+ cells for each BS/GS patient. Both CD133+KDR+ and CD34+CD133+ KDR+ cell numbers were significantly correlated with FMD (r¼0.88; P¼0.001 and 0.79; P¼0.007, respectively). The correlation between CD34+KDR+ and FMD did not achieve statistical significance (r¼0.51, P¼0.13).
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As shown in Figure 4 , both CD133+KDR+ cells and CD34+CD133+ KDR+ cells were strongly and significantly correlated with mononuclear cell HO-1 gene expression (r¼0.729; P¼0.017 and 0.699; P¼0.024, respectively), while CD34+KDR+ and HO-1 did not correlate (r¼0.28, P¼0.42). Figure 5 shows correlation analysis between FMD and HO-1 that demonstrates that in BS/GS these were strongly and significantly correlated (r¼0.82; P¼0.004).
DISCUSSION
The current study demonstrated that EPCs number is increased in BS/ GS, a human model of blunted Ang II signaling and vascular hyporeactivity. Moreover, it shows that EPC populations, specifically CD133+KDR+ cells and CD34+CD133+KDR+ and FMD were significantly and strongly correlated in BS/GS patients. The correlations noted are likely the result of previously reported relationships between endothelial function and EPC numbers, and function 35, 36 along with the relationship between endothelial number and FMD. 37 All of these are altered in hypertension, 3, 38, 39 and in these alterations oxidative stress has a pivotal role. 40 Relationships between EPCs, FMD and HO-1 LA Calò et al in BS/GS patients. 29, 30 In addition, despite high levels of Ang II, BS/GS patients have increased FMD and upregulation of NO system, 19, 31, 32 both of which are consistent with the increased number of EPC cells found in this study. The elevated HO-1 gene expression found in BS/GS patients and the increased levels of EPC observed in this study are consistent with the reports in an animal study that elevating HO-1 increased the numbers of circulating EPCs and bone marrow early and late outgrowth progenitor cells, and enhanced the maturation of bonemarrow-derived progenitor cells. 12 Moreover, these findings in BS/GS patients are the opposite of those found in hypertensive patients, who have reduced EPCs number, 3, 38 increased oxidative stress 42 and altered FMD. 39 Furthermore, the increased number of EPC in BS/GS patients further strengthens the role of Ang II type 1 receptor signaling in EPC biology as BS/GS patients have blunted Ang II type 1 receptor signaling. [21] [22] [23] [24] [25] [26] [27] [28] This linkage is further highlighted by the recent report of the beneficial effects of Ang II type 1 receptor blockers on EPCs number and function in hypertensive patients. 6, 7 The extent to which the reported benefits may be derived from blocking Ang II type 1 receptors or signaling via Ang II type 2 receptors remains to be defined, although our recently published study, showing that in BS/GS, Ang II signaling via type 2 receptors is activated, 28 suggests that Ang II type 2 receptor signaling activation is potentially involved in the beneficial effects on EPCs. Finally, the increased numbers of EPCs in BS/GS support the findings of Rosso et al. 43 have shown inverse relationships between oxidative stress, senescence and EPC numbers as oxidative stress in BS/GS is reduced.
The relationship of HO-1 levels and EPC has been the subject of several recent reports. As noted earlier, Wu et al. 14 have shown that increasing HO-1 levels increases EPCs. The current study showed strong and significant correlations between HO-1 gene expression and CD133+KDR+ and CD34+CD133+KDR+ numbers in BS/GS patients, further confirming and extending the linkage between HO-1 and EPCs to a human patient population. The link between HO-1 levels and EPCs appears to be mediated in part via HO-1 effects on calcitonin gene-related peptide. Zhou et al. 44 showed, in fact, that induction of the vasorelaxant calcitonin gene-related peptide, which is reduced in hypertensive patients, prevents circulating EPCs senescence and reversed Ang-II-induced senescence of EPCs. Calcitonin generelated peptide synthesis has been reported to be stimulated by HO-1/ CO pathway as well as related to stimulation of NO production. 45 Of note, HO-1 and CD34+KDR+ cell numbers, as well as FMD and CD34+KDR+, showed no significant correlation in our study. We do not have an explanation for the unchanged CD34+KDR+ in BS/GS and their lack of correlation of with HO-1 and FMD. The EPCs phenotypes population, that is, those expressing at least one immaturity/stemness marker such as CD34 or CD133 and at least one endothelial antigen (usually KDR), likely have different biological meaning, as the exact surface phenotype of EPCs is not known and no single antigenic combination can unequivocally identify EPCs. 8, 46, 47 Therefore, clinical correlation data such as provided by our study are useful to attribute more biological relevance to one putative EPC phenotype vs. the others. For example, one could speculate that CD34+KDR+ cell phenotype may correlate with pathological vascular damage and increased CV risk, 48 while CD133+KDR+ and CD34+CD133+KDR+ are likely related to oxidative status and endothelial function as suggested by their status in BS/GS that is, increased CD133+KDR+ and CD34+CD133+KDR+ and unchanged CD34+KDR+, which fits with the biochemical, molecular and functional picture of good endothelial status reported in these patients. [16] [17] [18] [19] [20] [21] [22] [23] [26] [27] [28] In conclusion, the study documents in a human system that EPC numbers and specific populations are related to important clinical and biochemical factors involved in CV status. These results alongside the ongoing studies in our laboratory to quantitate calcitonin gene-related peptide and EPC status for example, senescence and proliferation in BS/GS, reaffirm the utility of BS/GS patients as a useful system to investigate EPC's role(s) in the pathophysiology of CV remodeling in humans.
